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Introduction 
=============

Mental health is, to a significant extent, decided in early life. The importance of neurodevelopment in establishing the risk for mental disorders is increasingly being recognized ^[@ref1]^ and most psychopathologies are ultimately the manifestation of aberrant development of the brain. 

The maturation of the brain during perinatal life is a highly regulated process and results from the interplay between environmental instructions that drive adequate neuronal connections toward their final form and individual genetic profiles that provide the latitude in which to operate. ^[@ref2]^ , ^[@ref3]^ Thus, consistent with the multifactorial etiologies of most mental disorders, ^[@ref4]^ environmental perturbations, such as stress exposure during perinatal life, can elicit long-term behavioral dysregulations and increase the vulnerability to psychopathologies. ^[@ref4]^ , ^[@ref5]^  

Despite the significance of neurodevelopment, the majority of psychotropic medications are intended for adult patients, ^[@ref6]^ with primarily symptomatic effects and poor therapeutic efficacy, and are thus often associated with high relapse rates. 

Due to the plastic properties of immature circuits, psychopharmacologic interventions at an early age can influence brain development, with unpredictable long-term effects on brain function that discourage the use of classical psychotropic drugs in the young population and restrict it to seriously invalidating early symptomatic conditions. ^[@ref7]^  

Bridging psychopharmacology and brain development 
==================================================

Recent data on neurodevelopmental trajectories and their regulatory systems are guiding early pharmacological interventions that may reverse the course of abnormal development, with long-term benefits for adult behavior. To this end, research is moving in two parallel directions: first, toward the identification of early biosignatures that could reliably predict the risk of developing a psychopathology before symptoms manifest. Secondly, studies are focusing on the understanding of the genetic vulnerability to mental disorders and the mechanisms that underlie the environmental impact on brain development. ^[@ref8]^ These aspects have converged in the study of epigenetic mechanisms, such as DNA methylation, which translate environmental disruptions during sensitive periods into enduring modifications to individual gene transcriptional profiles. ^[@ref9]^ Indeed, epigenome modifications have been consistently associated with the risk for psychopathologies in adulthood. ^[@ref10]^ - ^[@ref14]^  

The reversible nature of the epigenetic changes marks them as potential targets for therapeutic interventions. ^[@ref12]^ - ^[@ref14]^ However, pharmacological interference with the function of epigenetic machinery during sensitive periods may alter the global epigenome, with unpredictable pleiotropic effects. ^[@ref12]^ Nevertheless, the identification of key genes that are susceptible to epigenetic modifications and are important contributors to the risk for psychopathologies, ^[@ref15]^ - ^[@ref18]^ combined with the cutting-edge technology that applies gene-specific epigenomic editing, ^[@ref19]^ , ^[@ref20]^ will engender promising therapeutic opportunities. 

The "systems approach" to treating the brain 
=============================================

We have recently entered a new era in which the integrated approach of systems biology has led us to reconsider health or disease as a result of perturbations in the complex homeostasis of biological networks and their dynamic interactions between systems. ^[@ref21]^ - ^[@ref23]^ The "systems approach" has increased the recognition that neurodevelopmental regulation is not restricted to internal neuronal mechanisms, but instead is the result of extensive cooperation and bidirectional interactions between systems, including the immune, endocrine, and gut-microbiota systems *(Figure 1)* . The cooperation of these systems, now commonly referred to as the gut-immune-brain axis, participates actively in the dialogue between the environment and brain development and is emerging as an important early determinants of adult mental health. ^[@ref24]^ This holistic approach is thus offering unprecedented opportunities for the construction of a new "perinatal psychopharmacology" aimed at reverting the aberrant development of the brain by instructing different modulatory systems during perinatal or late developmental stages. Here, we will briefly discuss two highly connected systems---the immune and gut microbiota---as new targets, that can physiologically modulate the course of brain development by interfering with neuroplasticity at an early age. 

Targeting neuroimmune communication during brain development: microglial cells 
===============================================================================

Historically, the brain has been considered an immune- privileged organ, but in the past two decades, however, the importance of neuroimmune communication in the homeostasis and function of the central nervous system has become clear. This communication is active throughout life, but in prenatal and early postnatal life it appears to be crucial in regulating neurodevelopment. ^[@ref25]^ In this context, microglial cells and their released mediators, such as cytokines and chemokines, have emerged as principal mediators of these effects. ^[@ref26]^ Microglial cells are the resident mononuclear phagocytes of the brain, and together with participating in the immune defense of the brain, they contribute intensively to shaping embryonic and postnatal brain circuits by regulating neurogenesis, the remodeling of synaptic networks and connectivity, and the modulation of synaptic and neuronal activity. ^[@ref26]^ - ^[@ref28]^ Notably, during perinatal age, microglia differ morphologically compared with those in adults and present distinct gene expression profiles according to the stage of development of various regions of the brain. ^[@ref29]^ This suggests a specific function of microglia during development. Consistently, preclinical studies have shown that, although temporarily depleting microglia in adulthood has little impact on behavior, ^[@ref30]^ this treatment during the neonatal period induces persistent changes in social and mood-related behaviors. ^[@ref31]^ , ^[@ref32]^  

As innate immune cells, microglia are sensors of the surrounding environment and are highly responsive to environmental perturbations, such as stress and immune challenges, that often drive morphological and functional changes of microglia into a proinflammatory state. ^[@ref31]^ , ^[@ref33]^ , ^[@ref34]^ Thus, the contributions of microglia during development can be impacted by changes in the prenatal and postnatal environment, causing developmental dysregulation that predisposes one to psychopathologies later in life. ^[@ref34]^ - ^[@ref36]^ In our recent study we found that microglial proinflammatory activation, induced by the exposure to adversities in early age, had a long-term impact on brain structures subserving reward and stress-response behaviors, leading to the increased vulnerability to cocaine-related behaviors later in life. Importantly, the pharmacological prevention of microglial activation in postnatal life---but not during adulthood---was sufficient to restore the functional and behavioral phenotypes. ^[@ref36]^  

Given the specific developmental features of microglial cells and their key function in instructing the immature brain about external perturbations, targeting microglia in early life is a potential intervention that can counteract programmed long-term behavioral dysregulation. Instrumental to this end, different pharmacological tools are being tested for their impact on microglial function, including classical anti-inflammatory drugs, tetracycline antibiotics that counteract microglial proinflammatory response, ^[@ref37]^ or inhibitors of the Colony-stimulating factor1 receptor, that enable a temporary depletion of microglia. ^[@ref38]^  

Treating the gut to change the brain: the role of microbiota 
=============================================================

A second promising system for modulatory interventions on brain development is the gut microbiota. The gut microbiota---the set of bacteria that constitute the intestinal flora---has been demonstrated to have a critical influence on the host physiology in the past decade. One of its most studied effects, is the regulation of normal and pathological host behavior in rodents and humans, demonstrating extensive communication with the central nervous system. ^[@ref39]^ , ^[@ref40]^ To mediate its effects on the brain the gut microbiota recruits important components of different systems, including the hypothalamic--pituitary--adrenal (HPA) axis, the immune system, and the autonomic nervous system. ^[@ref39]^  

An individual's microbiota is primarily derived from the maternal one ^[@ref41]^ and it is influenced by the perinatal environment, which appears to be crucial in establishing the long-term basic composition of the microbiota. It can take up to 3 years for an infant to develop the microbiota composition of an adult. ^[@ref42]^ , ^[@ref43]^ Gut-brain communication during the first weeks of life contributes to proper neurodevelopment. ^[@ref44]^ , ^[@ref4]^ 5 Using germ-free mice, several studies have demonstrated that the absence of intestinal bacteria in mice evokes anxiety-like behavior and exaggerated stress responses with effects on neuronal activity and plasticity genes and changes to the serotonergic system. ^[@ref46]^ - ^[@ref48]^ Notably, normal stress responses are restored by fecal transplantation during the first 6 weeks of life, but not in adulthood, implicating critical developmental time windows for the long-term programming of behavioral phenotypes by microbiota. ^[@ref48]^ Moreover, in preclinical studies, the dysbiosis due to early environmental disruptions, like the antibiotic exposure during perinatal periods, ^[@ref49]^ or a high-fat maternal dietary regimen, ^[@ref50]^ can influence the immature plastic brain and has been associated with adult behavioral deficits. ^[@ref51]^ Consistently, the microbiota contributes to the long-term behavioral dysregulations that are induced by early-life traumatic experiences. ^[@ref52]^  

In light of the burgeoning literature, the microbiota is emerging as a viable target that could be easily manipulated during prenatal or postnatal life to favor proper neurodevelopment. However, studies have failed to identify the beneficial or harmful microbiome composition but support the appropriate composition in individuals. Thus, to ensure good outcomes with microbiota-based therapies, research has to put effort into the stratification of patients in order to identify the proper composition for the specific gut.  

Conclusions 
============

Psychopharmacology during brain development faces the great challenge of operating in a highly plastic system. This may represent a strong advantage for the design of intervention aimed at restoring the course of pathogenetic mechanisms, but efforts should be dedicated to improving the definition of neurodevelopmental trajectories and the specific sensitive time windows. Moreover, crucial to the application of psychopharmacology in early age will be the identification of early biomarkers that could predict the development of a psychopathology before symptoms manifest. 

Today the move toward integrated biological systems in understanding brain pathophysiology is advancing us into a new era of psychopharmacology, for which the possibility of manipulating behaviors through the intestine or to programming long-term mental health using anti- inflammatory drugs is being realized. To fulfill these expectations, researchers across diverse disciplines will have to join forces to disentangle the complex dynamics of neurodevelopment, identify sensitive periods for interventions and reliable biomarkers, and direct these findings toward the design of new drugs. 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